ABSTRACT A new edge detection operator based on dual parity morphological gradients is proposed, in order to accurately segment a porcelain insulator string in an infrared image before the identification and diagnosis of deteriorated insulators by the extracted thermal information. When applied to the doubleshed insulators, the proposed detector is capable of effectively eliminating the blurred region between the upper and lower sheds as well as preventing over-segmentation by combining both odd and even structural elements. Compared with the multiscale morphological gradient algorithm, this technique reduces the size of the maximum structural elements to optimize the computational complexity. A quantitative evaluation using PSNR, IoU, and FPR indexes shows that the new technique outperforms other common edge detectors. In addition, the experiments on thousands of real infrared images demonstrate the detector to be highly effective despite its low complexity.
I. INTRODUCTION
Insulators are widely used in many power applications such as transmission, distribution networks and substations, due to its excellent performance of electrical insulation and mechanical fixation [1] - [4] . Today, there are billions of insulators in service in China, among which porcelain insulators account for a considerable proportion. However, porcelain insulators are prone to failure. It requires regular faulty inspections for porcelain insulators every few years and the deteriorated insulators should be replaced [5] - [7] . Due to the heavy workload and low efficiency of the traditional manual sparkgap detection method, an efficient and intelligent detection method is imminently called for [8] , [9] . The common noncontact detection methods for deteriorated porcelain insulators include infrared image method, sensitivity of electric field method and ultraviolet image method [10] - [12] , etc. In particular, the infrared image method is much more often
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used than other methods in term of improved image resolution, accuracy and efficiency [13] , [14] .
The object recognition and segmentation of infrared images lay a solid foundation for the extraction of the temperature data of the iron cap and the disc surface, respectively. In this article, we use edge detection algorithm to extract the contour of insulator strings region. Edges refer to the collection of pixels whose pixel gray values rapidly change around the image, and reflect the most basic characteristics of the image. Edges are mostly located between background and target region, which are important prerequisites for image segmentation. The edge models can roughly be divided into two categories according to its shape. One is the step edge, which refers to the edge with great difference in pixel gray values on both sides; the other is the roof like edge, which means the gray value of the edge gradually changes from low to high. The edges of insulator string in infrared images belong to step edges which have clear boundaries that can be easily segmented [15] , [16] , and this characteristic makes it possible to detect edges in infrared images of insulator strings.
Up to now, a number of edge detection algorithms have been proposed and described in literature. In [17] , an adaptive image edge detection algorithm based on canny operator was proposed and the method tried to solve the edge missing problem. Xu et al. [18] introduced a distributed canny edge algorithm at the block level without any loss and implemented it with field-programmable gate array (FPGA). Xuan and Hong [19] proposed an improved canny edge detection algorithm and implemented by making a differential operation on the amplitude histogram of the image. Unfortunately, all of these canny algorithms are too sensitive to noise, making them filter some edges as noise and causing the problem of edge missing. Wavelet transform modulus maximum (WTMM) algorithm can be used to study the position of the signal breakpoint, singularity or other related signal characteristics [20] . Luo and Wen et al. [21] combined WTMM algorithm and seed region growing method to segment the infrared images. The resulted image showed this algorithm could not completely and accurately reflect the edge of the target region, with missing edges from the segmented image. Insulator infrared image denoising method based on wavelet generic Gaussian distribution and maximum a posteriori estimation (MAP) can highly suppress noise in the infrared images [22] . However, the segmented insulator string image is not complete whether it is a normal insulator or a deteriorated insulator.
Multiscale morphological gradients (MMG) algorithm is commonly used for image segmentation as well. Reference [23] investigated an algorithm combined multiscale morphological gradients and watershed transformation algorithm to segment multispectral images and effectively prevent over-segmentation. Guo et al. [24] proposed a new multiscale morphology algorithm for license plate segmentation in optical image. After gradient reconstruction, this method can segment the target area in combination with watershed algorithm. After processed by the algorithm, the resolution of the image becomes quite low [25] , [26] . Nallaperumal et al. [27] proposed a novel efficient multiscale morphological watershed segmentation using gradient and marker extraction for digital images and can be able to segment the target area from noise. However, the segmented edges were out of shape and part of them had been missed.
As far as we know, research on edge detection method specifically for insulator strings is really rare. When we use the existing methods to detect the insulator's edges, the disc surfaces of double-shed insulators seriously affect each other, ending up with a blurred region between the upper and lower sheds. The reason is that when the air in between is heated by the double sheds, the grayscale values of the air become close to those of the disc surfaces, giving rise to a so called blurred region. As a result, the segmented area tends to dissatisfy the accuracy requirement of temperature extraction. To ensure the accuracy and integrity of the extracted edges, this article proposes a novel dual parity morphological gradients edge detection algorithm (DPMG). To suppress ambient noise in infrared image, we first preprocess the infrared image by grayscale, median filtering and image enhancement [28] - [30] . Then we utilize DPMG algorithm with both odd and even sides structural elements to segment the insulator area in infrared images. Compared the results with those of other six operators through three image evaluation indexes, we can find that the DPMG algorithm outperforms over others to segment the edge of insulators due to its strong capability to suppress blurred region between discs and segment the region of insulator more accurately.
The rest of this article is organized as follows. In Section II, we briefly review the commonly used operators. Section III introduces the proposed DPMG algorithm and the process of segmenting the insulator string area from infrared images. The experimental results are presented in Section IV. Finally, Section V concludes this article and suggests future work.
II. RELATED WORKS A. COMMON EDGE DETECTION OPERATORS
Roberts, Prewitt and Sobel operators are very important firstorder differential operators frequently used in edge detection and they belong to the category of gradient operators.
Canny edge detector operator is often considered as a standard operator because of its high detection rate, accurate positioning and clear response [18] . Canny operator makes use of the Gauss function to smooth the image, which can suppress the noise efficiently. However, this algorithm may smooth out some of the high-frequency edge components and can easily cause the loss of edges [19] .
The principle of wavelet transform modulus maximum algorithm is to detect the modulus value in a certain range along the gradient direction, preserve the maximum values, and delete the non-maximum values [20] .
B. MULTISCALE MORPHOLOGICAL GRADIENTS OPERATOR
Mathematical morphology is defined as a set theoretic shape oriented approach which treats the image as a set and the kernel of operation commonly known as structuring element (SE) as another set. A structural element is a set of pixels with known shape and size. Stemmed from the mathematical morphology, the morphological gradients edge detector is sensitive to the noise, without enhancing or amplifying the noise. The formulas of the morphological gradient (G) is,
where f is the original image, f ⊕ B i means dilating the input image f with structural elements B i , f B i means eroding the input image f with structural elements B i , The size of structural elements determines the performance of morphological gradients algorithm. Small SEs have high resolution, but the output of slope edge is too small [31] - [34] ; with the increase of SE size, however, serious interaction may take place between the edges resulting in incorrect gradient maximum. Neither too big nor too small SEs will result in proper outputs. Multiscale morphological gradients operator can thus take advantage of multi-sized structural elements. VOLUME 7, 2019 Assuming that B i (0 i N ) is a group of square structural elements, the size of B i is (2i + 1) × (2i + 1) pixels [27] . The multiscale morphological gradients (MG) is as follows,
where N is a scale parameter, whose value range is [2, 5] . In this article, N takes 3.
C. THREE EVALUATION INDEXES 1) PEAK SIGNAL TO NOISE RATIO (PSNR)
PSNR is the most widely used objective quality evaluation indexes for flat image [35] . It is usually used to measure the degree of image distortion and noise levels. The value of PSNR reflects the similarity between two pictures. The greater the value, the higher the similarity will be. Its mathematical definition is as follows, PSNR = 10 log 10 (
where MAX represents the maximum value of the image color, and the value is 255 for grayscale images. MSE represents the mean square error between two images, which is defined as follows,
where K(i, j) represents the pixel value of the first image, and I(i, j) represents the pixel value of the second images. m and n represent the number of pixels in the image.
2) INTERSECTION-OVER-UNION (IoU)
IoU is a common concept used in image detection. It represents the overlap rate and similarity between the candidate image and the original image intuitively. In addition, it is also the ratio of intersection and union of two pictures [36] . The larger the IoU value, the higher the similarity rate will be. In the case of complete overlap, the rate becomes 100%. The IoU formula is as follows,
where a and b represent the candidate image and original image respectively, and area represents the area of the image.
3) FALSE POSITIVE RATE (FPR)
FPR refers to the percentage of the cases where the classification appears positive but actually negative [37] . The smaller the percentage, the lower the false positive rate will be. The FPR formula is,
where b stands for the number of cases that are actually positive but judged to be negative; d represents the number of cases that are classified as negative correctly.
III. DUAL PARITY MOLPHOLOGICAL GRADIENTS OPERATOR
The characteristics of porcelain insulator strings are as follows, 1) A porcelain insulator is of axisymmetric structure and primarily composed of an iron cap, a steel foot and a porcelain disc. 2) With the rise of voltage level, the number of insulators in a string increases. For instance, the number of insulators is ranged 7-10 for 110kV level, while the number is ranged 14-20 for 220kV level in China. 3) An insulator string generally consists of same type insulators that are arranged at equal intervals [39] . Based on the above-mentioned features, edge detection algorithms can be adopted to segment insulator string area in infrared images [40] .
The classic multiscale morphological gradients operator only takes odd number structural elements into consideration. This method can achieve good results when the shape complexity of the detected object is not very high. Figure 1 shows an edge image and segmented image of a double-shed insulator in grayscale image by utilizing classic MMG operator. It can be clearly seen from Fig. 1 (b) and (c) that the MMG operator cannot exclude the blurred region (inside the red circles) between the two sheds, where a portion of background in between upper and lower sheds is unexpectedly united as part of the insulator, which will introduce error in the extraction of temperature data. To solve the blurred region problem, we tried to use the forementioned edge detection operators and the resulted images are shown in Figure 2 . It could be obtained from Figure 2 that no matter whether it is a first-order differential operator or a canny operator, discontinuity can substantially be observed on extracted edges, damaging the smoothness and closure of an complete insulator, which will result in incomplete and inaccurate separation of the insulator regions.
The extracted edge by WTMM operator is close to that of an actual insulator, as the edge is not broken or missing. However, there exist quite a few unexpected fuzzy holes and lines; moreover, the WTMM operator may cause the same blurred region problem as the MMG operator. The reason is that the sizes of B i and B i−1 do not match well, leading to sharp descending on the gradients. For instance in Fig. 1 (a) , the area in between whose grayscale value is close to those of the upper and lower sheds will very likely be misjudged as edge of an insulator.
To solve this blurred region problem, we propose a dual parity morphological gradient (DPMG) operator whose structural elements are consecutive in size. We define a new set of square structural elements C i , whose size is (2i + 2) × (2i + 2) pixels. Name B i as odd number structural elements, and C i as even number structural elements. The gradients can be prevented from dropping too fast by combining both odd and even number SEs, which is the so-called dual parity structural elements. The DPMG operator is defined as follows,
Algorithm 1 DPMG Algorithm Input: infrared image containing insulator string Output: grayscale image of segmented insulator string Initialization: set the size of odd number structural elements B i = (2i + 1) × (2i + 1), even number structural elements C i = (2i + 2) × (2i + 2), N = 3.
1:
Compute the operation result of even number structural elements on the input image f .
1.1:
Dilation of the input image f with even number structural elements C i :
1.2:
Erosion of the input image f with even number structural elements C i : 1) The detected edge has high definition and integrity, which can accurately reflect the actual shape of the insulator. 2) Slow down the gradient descent and eliminate the blurred region between the sheds. 3) Reduce the size of the maximum structural elements and optimize the computational complexity.
IV. EXPERIMENTAL RESULTS

A. EXPERIMENTAL PROCEDURES
The procedures to segment an insulator string from an infrared image are as follows:
Step 1: Preprocess the infrared image by grayscale, median filtering and image enhancement, this step is aiming at removing the external noise in the image.
Step 2: Utilize edge detection operators to extract insulator string's boundaries. Compare the results of various operators by PSNR, IoU and FPR indexes, and select the best operator.
Step 3: Segment the target area with the best operator and use the maximum connected area method to achieve the insulator string image. Fig. 4 illustrates the experimental procedures. 
B. IMAGE PREPROCESSING
We first transform the infrared image into a grayscale image, which makes the pixel value range between [0, 255] [41] . The purpose of the median filtering is to remove the noise caused by the environment and infrared camera during shooting. As exhibited in Figure 5 , image enhancement can not only make the gray value of non-insulator objects consistent with the background range, but also be able to filter background clouds better. 
C. COMPARISON OF EDGE DETECTION OPERATORS BY THREE EVALUATION INDEXES
The resulted insulator string images by Robert, Prewitt, Sobel, Canny, WTMM, MMG and DPMG operators are compared in Figure 6 , respectively. As mentioned above, the first-order differential operators and the Canny operator will cause loss of edge, so these four operators are declined in the first place. Then, we compare the WTMM, MMG and DPMG operators in terms of PSNR, IoU and FPR indexes. The results are summarized in Table 1 and Figure 7 , respectively.
It can be seen from Figure 7 that the DPMG algorithm is excellent in all three indexes. As for the PSNR index, the DPMG algorithm is 4 dB higher than the MMG algorithm and 5 dB higher than the WTMM algorithm, which means the edges can be extracted more accurately. As for the IoU index, the DPMG algorithm is at least 4.5% better than the MMG and WTMM algorithms. This means that the blurred region between insulator sheds can be well suppressed by DPMG algorithm. As for the FPR index, the DPMG algorithm is much lower than the WTMM algorithm and MMG algorithm, this means DPMG algorithm can prevent over-segmentation very well. A conclusion can therefore be drawn that the DPMG algorithm is superior for edge detection of insulator strings among peer edge detection operators.
D. RESULTS AND VERIFICATION
Before segmenting the insulator string area, a grayscale image should be converted to a binary image. A binary image has only two pixel values, i.e., 0 and 1, and the entire image presents itself as black and white [18] . The gray value of background is 0, while that of the partial noise and insulator string region is 1 [42] . Then, we can use the maximum connected area method [38] to extract the area containing the insulator string and exclude the surrounding thin wires and steel frames. Finally, we can easily obtain the area of the insulator string by removing the aluminum fittings from the image. Figure 8 lists the segmented images of 110 and 220 kV insulator strings.
To verify the accuracy and universality of the proposed DPMG algorithm, we randomly selected 2000 high quality infrared images of 110kV and 220kV (1000 for each) porcelain insulator strings in service for experiments. The performance evaluation lies in two aspects. First, the extracted insulator string edges should be visually smooth and continuous in closure. Second, the IoU index is chosen without loss of generality for quantitative analysis, where the success threshold is set to 90%. It can be seen from Table 2 that the success rate mounts to 98.3% for 110kV images, while 96.4% for 220kV images. The results turn out to prove that DPMG algorithm can well preserve the edge of the insulator string and eliminate the blurred region problem effectively.
V. CONCLUSION
In this article, we propose a novel dual parity morphological gradients edge detection algorithm, which can be seen as a stepping-stone to the subsequent segmentation of insulator parts before the automatic diagnosis of an insulator string. Performance comparisons have been done in terms of PSNR, IoU and FPR indexes among peer edge detection operators. As for the PSNR index, the proposed DPMG algorithm is 4 dB higher than the MMG algorithm and 5 dB higher than the WTMM algorithm. As for the IoU index, the DPMG algorithm is at least 4.5% better than the MMG and WTMM algorithms. As for the FPR index, the DPMG algorithm is much lower than the WTMM algorithm and the MMG algorithm. The results verify that the proposed algorithm is capable of eliminating the blurred region between double shed surfaces, and extracting the target regions of an insulator string completely and accurately.
Experiments on 2000 pieces of infrared images of porcelain insulator strings in service demonstrate that this new method can accurately segment the insulator strings in good quality images, with an average success rate 98.3% for 110kV voltage level and 96.4% for 220kV.
In the future, we will focus on expanding the applicability of the DPMG method for longer insulator strings in higher voltage levels, and keep on improving the success rate by incorporating other state-of-the-art methods, such as the super-resolution reconstruction algorithm.
